I. INTRODUCTION
A very significant advantage of SiC, over other wide bandgap semiconductors, is its ability to grow high quality SiO 2 layers by thermal oxidation. This provides a great opportunity for developing metal-oxidesemiconductor (MOS) devices that utilize the advantages of the wide bandgap and the other favorable properties of SiC. However, SiC MOS devices, albeit fabricated in recent years by many groups, have not yet met the expectations. There is substantial evidence that some of the excess carbon released during thermal oxidation remains at or near the SiO 2 SiC interface, either as isolated atoms or in the form of clusters.
1 These residual carbon complexes have been identified as the main reason for the observed problems with the electronic properties of the SiO 2 SiC interface and the gate oxide itself. 2 On the positive side, it has been established that thermally grown oxides annealed in nitric oxide (NO) ambient provide significant and critically important improvements: reduction of interface-trap density, [3] [4] [5] [6] increased channel-carrier mobility, 7 and increased reliability. 8 An alternative nitridation technique to NO nitridation is to use nitrous oxide (N 2 O) gas. Initial results of N 2 O-annealed oxides, grown on early 4H-SiC substrates, showed an increase in the interface-trap density. 3, 6, 9 Interface-trap related distortion of C-V curves has also been observed in a very recent study of N 2 Oannealed oxides, grown on 6H SiC. 10 The same study has revealed that growing the oxides directly in N 2 O leads to improved C-V curves, and most importantly, it has revealed that the reliability of these oxides is significantly improved compared to N 2 O annealed oxides. At present it is not understood why the quality of oxide films improves when they are directly grown in N 2 O but not when a previously oxidized sample is annealed in N 2 O. The effects of N 2 O nitridation appear, thus, quite controversial at this stage. Given the emerging evidence that nitrogen plays crucial roles of interface passivation 5 and carbon removal, 11 it is of extreme importance to provide a better understanding of the nitridation effects in SiC gate oxides.
In this paper, new results from a systematic study of nitridation in both NO and N 2 O environments are reported, including a proposed model for the effects of nitridation. The main aims of the paper are to provide a better understanding of the effect of the nitridation process in gate oxides grown on SiC and to use this knowledge for development of an optimized N 2 O-based nitridation process. The paper is organized in the following way. Section II describes the proposed nitridation model. The important experimental details are given in section III. Section IV presents experimental verification and practical implementations by: (1) comparing and analyzing the effects of interface-trap passivation by hydrogen and nitrogen, (2) physical analyses of nitrided SiO 2 -SiC interface, (3) experimentally confirming and explaining the intriguing differences between annealed and grown oxides in either N 2 O or NO, (4) developing and verifying an optimized N 2 O nitridation process, and (5) analysis of NO and N 2 O growth rates and activation energies. Section V is a brief summary of the paper.
II. NITRIDATION MODEL
Nitridation is involved in two sets of mechanisms at the SiO 2 SiC interface: (1) creation of strong SiN bonds that passivate interface traps due to dangling and strained bonds and (2) removal of carbon and associated complex siliconoxycarbon bonds.
The mechanisms leading to creation of strong SiN bonds are completely analogous to the case of the SiO 2 Si interface. 12, 13 In the case of both SiO 2 Si and SiO 2 SiC interfaces, there are dangling Si bonds passivated by N, and strained SiO bonds that are replaced by strong SiN bonds during the nitridation. In both cases, the creation of these bonds improves the gate-oxide reliability. 8, 10, 14 An important difference in the case of SiC is that not only is the reliability improved by the strong SiN bonds but also the initial interface-trap density is significantly reduced. This interface-trap reduction is analogous to the well-established interface-trap reduction in Si due to creation of Si-H bonds (interface passivation). This hydrogen-based passivation is not effective in the case of SiC as it does not result in net reduction of the interface-trap density 15, 16 but just a shift of their energy levels away from the midgap. The reason for that is the wider energy gap of SiC, particularly the 4H polytypes, which encompasses the energy levels of Si-H bonds. As opposed to this, the energy levels of the much stronger SiN bonds are outside the energy gap of SiC, meaning that they are electrically passive defects.
The second role of nitridation is related to carbon removal from the interface. Most of the carbon atoms released by oxidation of SiC substrate react with the existing oxygen to create CO molecules that diffuse out of the oxide. 1 However, some of the released carbon atoms accumulate into carbon clusters 1 acting as interface traps themselves 5 and causing the appearance of complex silicon oxycarbon compounds at the interface. 17 Nitridation not only passivates the carbon-related interface traps, 5 but can also remove interstitial carbon as well as carbon from already formed clusters. 18 As a result, nitrided SiO 2 SiC interfaces are free of silicon oxycarbon bonds defects.
In section IV of this paper this nitridation model will be used to explain striking experimental findings such as: (1) The SiO 2 -SiC interface properties were characterized by high-frequency capacitance-voltage (HF C-V) measurements of MOS capacitors at room temperature under dark condition and after UV light illumination at deep depletion. All measurements were performed under light-tight and electrically shielded conditions. The oxide thicknesses were estimated from HF C-V measurements using a computer-controlled HP4284 LCR meter. The HF C-V characteristics were measured with a probing frequency of 100 kHz and a bias sweep rate of 0.1V/sec. In order to estimate device reliability, high field (+7MV/cm) room-temperature stressing with the capacitors biased in accumulation was carried out.
Samples used for physical analysis were preserved under tight vacuum between fabrication and X-ray photoelectron spectroscopy (XPS) measurements. XPS (Mg X-ray source) was performed with a Perkin Elmer PHI models 560 electron spectrometer. Ar sputtering steps were used to etch the oxide layer by layer. After each etching step, the XPS spectra were measured by multiple scanning in the binding energy ranges of interest with pass energy of 25 eV.
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IV. EXPERIMENTAL VERIFICATION AND PRACTICAL IMPLEMENTATION
A. SiN bonds: Their Role in Interface Passivation
A recent XPS analysis shows that NO nitridation incorporates nitrogen at the SiO 2 SiC interface, creating strong SiN bonds 17 as in the case of SiO 2 Si interface. 12, 13 To investigate the effects of SiN bonds at the SiO 2 SiC interface, we grew a series of oxides to obtain samples with the following types of gate oxides:
wet oxidation followed by N 2 anneal (WET/N2), dry oxidation followed by N 2 anneal (DRY/N2), and dry oxidation followed by NO anneal (DRY/NO) (refer to Table I ). technique has proven as a useful tool for characterizing near interface traps [19] [20] [21] ). A strong correlation was observed between the slow-trap profiles and the interface-trap distributions measured by the conductance technique. In the WET/N2 sample, slow trap profiling revealed increased near-interface traps with long response times (>400ms) at 0.2 eV below the conduction band (E c ); the DRY/N2 sample also had these traps to a lesser degree, while the DRY/NO sample showed none of these. The proximity to E c and the long response time of these traps indicates that they are near-interface rather than interface traps. To explain the observed results, we
propose that the formation of Si-H and Si-OH bonds during wet oxidation shift the trap energy toward the band edge, but not sufficiently to disappear from the energy gap.
NO annealing of the dry oxide (DRY/NO) results in a significant reduction in interface traps over the whole measured energy range, with increasing density toward the band edge. Analogously to the case of wet oxide, this change in the interface-trap distribution is due to the creation of SiN bonds. Qualitative similarity between the effect of hydrogen and nitrogen is obvious. The important difference is that the energy levels of the interface traps are pushed further from the midgap, many (if not most) of them being pushed outside the energy gap as strong SiN bonds are created.
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B. Nitrogen-Assisted Carbon Removal: Verification by Physical Analyses
Indications for the existence of nitrogen-carbon reaction at the interface evolved from atomic-force microscope (AFM) images of 6H SiC surfaces corresponding to Ar and NO-annealed dry oxides 18 . These oxides were grown on SiC samples without top epilayers, resulting in high density of rather large interface protusions, thought to be primarily composed of carbon. While the argon annealing did not affect the protrusions, the annealing in 100% NO for 3 hours at 1150 o C removed them completely.
Later, an XPS study revealed important differences at the interfaces of argon and NO annealed oxides 17 . It was demonstrated that a less complex SiO 2 SiC interface, free of oxidecarbon compounds, was We observe existence of CN bonds near the interface not only for NO annealed oxides as reported in 17 but also in the case of N 2 O annealed oxides. In addition, this analysis shows that argon annealed samples exhibit both a higher CC graphitization and the presence of complex CO x Si y compounds at the interface. These complex oxide-carbon compounds were not observed in the nitrided samples. Based on the deconvoluted depth profile shown in Fig. 2 , it is evident that the density of structural defects near and at the oxideSiC interface is significantly reduced by both NO and N 2 O treatment. Quantitatively, however, the effects of the two nitridation gasses are not the same: much lower CC graphitization appears for NO annealed relative to N 2 O post-oxidation treatment. For example, C-C graphitization signal represents 14% of the XPS C1S spectrum at the SiO 2 SiC interface of NO-annealed oxide (Fig. 2b) , whereas it represents 27% in the case of N 2 O annealing (Fig. 2c) 
C. Differences Between Direct Growth and PostOxidation Nitridation
Xu et al. 10 have recently reported that oxides grown directly in N 2 O show a considerably enhanced device reliability under high-field stress compared to N 2 O annealed and wet thermal oxides on 6H-SiC. The authors then relate the observed improvements of the electrical characteristics of N 2 O-grown to the nitrogen accumulation at the interface. In addition, a similar reliability study on NO-grown oxide is carried out and again the oxide grown directly in NO exhibits a higher resistance to high field stress than previously grown dry oxide that is annealed in NO 24 . The authors related the higher interface quality to a higher amount of nitrogen incorporation at the interface. However it is not clear why more nitrogen would be incorporated at the oxideSiC interface during direct N 2 O-or NO-growth as compared to that of N 2 O or NO post-oxidation treatment under identical time and temperature conditions. Our own experiments support this very interesting finding that the directly grown oxides in a nitrogen rich gas exhibit better electrical properties compared to their counterparts annealed in the same gas. Our results of room-temperature high-field stressing (7MV/cm) are presented in Fig. 3 .
This difference between grown and annealed samples does not exist (or it is not as pronounced) in silicon technology. Also based on silicon technology, it is well established that nitrogen incorporation into the SiO 2 Si interface is more dependent on nitridation temperature than nitridation time. Therefore it is most unlikely that the longer nitridation time in the case of directly grown samples will affect the final nitrogen incorporation at the SiO 2 -SiC interface. This is in agreement with recent experimental results on the effects of the NO nitridation temperature and time in SiC MOS capacitors 25 . It was shown that the interface trap density decreased significantly when the nitridation temperature was raised. Importantly, it was concluded that the influence of NO annealing time on the interface quality was much less significant.
The difference between directly grown and annealed oxides can be explained by different initial conditions. According to the proposed model, nitridation progressively removes interfacial carbon clusters and complex siliconoxycarbon compounds from the SiO 2 -SiC interface. In the case of direct growth in either NO or N 2 O, the carbon-removal action of nitrogen begins at the initial surface and continues simultaneously with the process that releases the carbon at the interface (SiC consumption by the oxidation). Any carbon-clustering seeds existing at the original surface are removed, and the creation of new ones by the release of carbon is 8 maintained at low level. As opposed to this, oxidation of SiC in absence of nitrogen leads to accumulation of carbon at the interface, which means the clustering affinity of the original defects acting as clustering seeds is strengthened. Post-oxidation nitridation does remove the carbon clusters and the associated siliconoxycarbon compounds, but it acts in the conditions of additional carbon release by the concurrent oxidation, and the state of the interface may never be improved to the levels achieved by direct growth in NO or N 2 O.
To verify this understanding, a pre-oxidation treatment in NO for 1 hour followed by a three-hour dry oxidation was carried out at 1100C (Table I) . SIMS profile revealed no trace of nitrogen at or near the SiO 2 -SiC interface after the dry oxidation that followed the pre-oxidation treatment in NO. Nonetheless, the high-field stress results given in Fig. 2 show enhanced reliability compared to the standard dry oxide. 
D. Optimization of N 2 O-Based Nitridation Process
As mentioned, there are two competing reactions in the case of N 2 O oxidation or annealing: (1) the described nitridation effects and the slow oxide growth due to NO, and (2) relatively fast oxide growth due to O 2 (N 2 O decomposes into NO and O 2 ). Based on the proposed model, the inferior characteristics of N 2 O treated oxides (compared to analogous NO treatment) can be explained by these two competing reactions: NO is removing carbon, while the oxidation in O 2 generates additional carbon. It is known that the oxide growth, and therefore the rate of carbon accumulation, can be slowed down by reducing the concentration of available oxidizing species 26 . A practical way of achieving this is to dilute the oxidizing gas, N 2 O in this case. If we assume that there is enough nitrogen (even in a diluted gas) to create the conditions for a saturated rate of the nitrogen-related carbon removal, then the treatment in diluted N 2 O will have closer carbon-generation and carbon-removal rates. Note that the assumption of saturated nitridation reactions with diluted N 2 O basically 9 means that these reactions are inherently slow, and because of that they are not limited by the rate of nitrogen supply to the interface.
To directly examine this possibility, we annealed a series of dry gate oxides in diluted N 2 O. Identical thermally grown oxides were annealed in either 10% or 20% N 2 O diluted in N 2 , and the results were compared to the samples annealed in 100% N 2 O. As Fig. 3 shows, it was found that the nitridation in diluted N 2 O does improve the reliability of the oxides.
Building on this understanding, it is expected that the limiting (the "inherently slow") nitridation reactions will be more temperature dependent, compared to the oxidation (and therefore carbon accumulation)
which is in part limited by the temperature independent concentration of the oxidizing species. Therefore, the effects of nitridation temperature on reliability were investigated in the second set of experiments. After oxidation, the samples were subsequently annealed in N 2 O for 90 minutes at 1100C, 1150C and 1175C
respectively. As Fig. 4 shows, enhanced reliability is directly correlated to a higher annealing temperature, supporting the above explanation. This means that the ratio of carbon-removal and carbon-accumulation rates are closer at a higher temperature, leading to a lower steady-state density of interface defects.
In a third set of experiments, all the favorable conditions (direct growth in N 2 O, diluted N 2 O gas, and high temperature) were combined. A 20 nm thick oxide was obtained after 6 hours oxidation in 10% N 2 O (diluted in N 2 ) at 1175C. As expected, this leads to the best reliability of gate oxides prepared in N 2 O ambient (see Fig. 4 ). The practical importance of this result is that processing in the industry preferred N 2 O ambient could be designed to be almost as effective as processing in NO. The theoretical importance of the result is that the proposed model was not only verified but also utilized to establish superior process parameters.
E. Analysis of Linear Growth Rates
In this experiment, we analyze the rates of oxide growth in NO and 
FIG. 3.
Flatband shifts during high-field stressing of gate oxide obtained by direct growth (NOG1100 and N 2 OG1100), post-oxidation nitridation (NOA1100 and N 2 OA1100), pre-oxidation in NO followed by 3 hour dry oxidation (NO&O 2 1100), and reference dry oxidation (DRY1100). 
